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Dedication to Grover C. Kinsman
Those of us who worked on Bottoming Cycle Systems at Thermo
Electron Corporation have long recognized Grover Kinsman as one of
the leading designers, for his contributions were many and significant.
More than a valued and competent employee, he was a person who could
be counted upon for help when needed. His reasoned judgment and
willing manner made working with him both pleasant and productive.
It is difficult to do justice to the magnitude of his contribution.
We are all saddened and humbled by his untimely death and he will
be greatly missed. The memory of our good friend — his warmth and
humanity — will be with us forever.
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SUMMARY
The major effort and work accomplished in this contract with NASA
Lewis Research Center, as part of their Waste-Heat Utilization Programs,
are highlighted below.
• A total of 1627 hours of RC-1 testing was completed in the dy-
namic loop at the following operating temperatures:
- 442 hours at 700°F
- 653 hours at 800°F
- 532 hours at 90Q°F
The methods of sample analysis included:
- Neutralization Number by Color-Indicator Titration (performed
in-house)
- Gas Chromatography (performed in-house)
- Mass Spectral Analysis (performed by an outside laboratory)
Static capsule tests up to 900°F temperatures were also per-
formed in a parallel effort. The results of all tests performed,
both dynamic and capsule, showed no thermal degradation or
changes in RC-1 fluid constituents.
• A system analysis was performed. Data on adiabatic diesels in
configurations both with and without aftercooling were supplied
by NASA Lewis, and the performance of an RC-1 Rankine bot-
toming cycle system was computed for these engines.
The analysis showed that the bottoming cycle effectively utilizes
the relatively higher exhaust energy of non-aftercooled diesels
to the extent that increased bottoming cycle power output more
than compensates for a slight diesel performance penalty asso-
ciated with non-after cooling. Bottoming cycle power output
reaches 56 horsepower, which represents a 17.6-percent increase
in the 317 horsepower of a turbocharged non-aftercooled diesel
engine (TC) to yield a compound power output of 373 horsepower.
The calculated brake specific fuel consumption (BSFC) for this
diesel with a bottoming cycle system is 0.268 Ib/bhp-hr, or 8.5-
percent better than the comparable turbocompound-aftercooled
engine used as the diesel performance reference. Application
of the bottoming cycle to a turbocompound engine produced a
BSFC result of 0.258 Ib/hp-hr, or 12-percent better than the
turbocompound-aftercooled diesel.
• A system design for a typical truck installation was prepared
and incorporates all components of the RC-1 Rankine-cycle
system into three (3) subsystems: the power conversion unit
(PCU) , which includes the turbine, gearbox, and feedpump;
the vapor-generator module; and the condenser-regenerator
module. The condenser-regenerator module consists of a re-
generator that has been integrated with the cylindrical air-
cooled condenser. The cooling module also contains an electric
motor with a double-ended through-shaft that drives the booster
pump, gerotor lubrication pump, and the clutched fan.
• A life-cycle cost analysis was performed for the RC-1 system
design and the potential capital cost of the unit was estimated
at $8400 (selling price). Using the NASA reference data pro-
vided (i .e. , selling price/manufacturing price = 2.0, fuel
price - $1. 20/gallon), the simple payback period of a turbo-
charged diesel plus bottoming cycle (without taxes or mainte-
nance) was calculated to be just under 3 years, when compared
to the reference turbocompound-aftercooled diesel. The pay-
back interval decreases as fuel price increases.
• Areas of technical development that have been defined as a re-
sult of this program, and need to be addressed are:
- Heat exchanger fouling
- RC-I working fluid thermal stability at elevated temperatures
up to and exceeding 1000°F
- High-temperature seal development.
1. INTRODUCTION
The steep increases in the price of transportation fuels over the
last decade have spurred research and development of more efficient
prime movers for heavy-duty transport equipment. A major thrust of
this work has been the improvement of the direct injection diesel engine -
the most efficient and ubiquitous power source for heavy-duty mobile
applications. Incremental improvements in engine efficiency have been
brought about through refinements of conventional diesel engine tech-
nology to improve thermodynamic performance and combustion phenomena
and reduce engine friction. A more innovative approach to improved
diesel engine efficiency - one that offers a substantial improvement in
efficiency - is the adiabatic engine concept. Through the use of high-
temperature materials (mainly ceramic compounds with exceptional me-
chanical properties at elevated temperatures) in those parts of the en-
gine exposed to the combustion process, heat loss from the engine is
greatly diminished and there is a resultant increase in engine efficiency.
An increase in exhaust gas temperature is characteristic of the adiabatic
engine. Only a part of the extra heat energy contained by the adiabatic
engine can be converted to work. The balance of the heat is carried
from the engine in the higher temperature exhaust gas.
The other approach to improving prime mover efficiency is the con-
cept of engine compounding wherein a second prime mover is employed
to recover power from the reject heat of the fuel-consuming prime mover -
in this case the exhaust gas of the diesel engine. Over the past decade,
Thermo Electron Corporation has been at the forefront of Bottoming Cycle
Technology. We have developed and tested a fully operational diesel/
organic Rankine-cycle compound engine for heavy-duty transport that
has shown fuel savings of more than 14 percent over the baseline diesel
engine alone in dynamometer tests, and over 13 percent in on-highway
vehicle tests (ref. 1). These results have been obtained by bottoming
present heavy-duty diesel engines that have exhaust temperatures in the
range of 650° to 900°F (depending upon their size, fuel air ratio, degree
of turbocharging, and whether they are two cycle or four cycle). For
this temperature, Fluorinol, a mixture of trifluoroethanol and water, has
been shown to produce the greatest power recovery of any working fluid.
However, because the practical upper temperature limit for Fluorinol is
about 600°F (with conditioning), due to thermal decomposition, it is not
the optimum organic working fluid for the higher temperature exhaust
gas of the adiabatic diesel engine. These higher temperature heat sources
call for a working fluid with higher temperature capability.
In this waste-heat utilization program to design a Rankine-cycle sys-
tem to bottom an adiabatic diesel engine, the organic fluid designated
RC-1 was chosen as the working fluid. The program included tasks to
conduct a system analysis, preliminary design, and cost analysis of an
RC-1 organic Rankine bottoming cycle system for heavy-duty transport
applications. The other major effort was the high-temperature stability
testing of the RC-1 organic fluid.
A full description of the work accomplished in the past year is given
in the following sections of this report.
2. WORK EFFORTS AND ACCOMPLISHMENTS
Thermo Electron Corporation under contract with NASA Lewis Re-
search Center has participated in their Waste-Heat Utilization Program.
During the past year, work efforts were directed towards the following
major task areas.
• Thermal Stability Testing of RC-1 Organic Fluid - The major
goal of these tests is to ascertain the highest operating temper-
ature level of RC-1 through the performance of stability life
testing of the organic fluid in a dynamic fluid test loop that
simulates the operation of a Rankine-cycle.
e Cycle Analysis - This task consists of performing a parametric
analysis of a simple organic Rankine bottoming cycle for an adi-
abatic diesel engine employing a single vapor-generator and
RC-1 working fluid. The objective is to identify system design
point criteria based on a combination of factors including cycle
efficiency, utilization efficiency of the available exhaust gas
heat, heat exchanger design, and turbine design. The sched-
ule of exhaust gas conditions versus diesel engine power was
provided by NASA Lewis.
• Preliminary System Design - Based on the selected design point,
this task entailed the preliminary baseline design of the RC-1
organic Rankine bottoming cycle system for the reference 300-
horsepower diesel engine.
• Life-Cycle Cost Analysis - This final task effort is to evaluate
the potential capital cost, maintenance cost and, thus, the simple
payback and return on investment generated by the fuel savings
capability of the baseline bottoming cycle system design defined
by the above analysis and design tasks.
2.1 WORKING FLUID STUDIES
The organic fluid RC-1 is a mixture of 60 mole percent pentafluoro-
benzene (PFB) and 40 mole percent hexafluorobenzene (HFB). Key fea-
tures of this working fluid for waste-heat utilization from prime movers
are:
• Thermally stable at high temperatures
• High chemical stability (resistant to O, and H_O contamination
and compatible with materials of construction)
• Excellent thermodynamic characteristics (for power generation
from high-temperature gaseous waste-heat sources)
• Nonflammable in air
• Low toxicity (acute and subacute exposures)
• Low freezing point (flow point of -44°F)
• Excellent turbine expansion characteristics (particularly for low
power applications)
The initial program work consisted of modifying an existing dynamic
fluid test loop to provide capability to test RC-1 organic fluid up to 1000°F
for periods up to 1000 hours. Subsequently, the test program was ini-
tiated by operating the loop containing the RC-1 fluid at various temper-
ature levels from 700° to 1000°F. In addition to loop testing, static glass
capsule tests are being carried out.
2.1.1 Dynamic Loop
The dynamic test loop has been designed to expose the RC-1 work-
ing fluid to the conditions that are encountered in operating systems.
Samples of the fluid can be chemically examined to determine any degra-
dation that may occur. The idea of the loop is to expose the fluid to very
prescribed conditions over fixed periods of time, and chemically measure
any changes in the fluid composition.
The loop schematic is presented in Figure 1. The main considera-
tions in the loop design have been: (1) high reliability and leak tight-
ness, (2) loop control for long-term stable operation with a minimum of
attention, and (3) key temperature and pressure measurements.
The fluid flow circuit is identical with that of a Rankine power sys-
tem except that the turbine expander is replaced by a pressure letdown
valve. Instrumentation and controls are incorporated to permit unattended
round-the-clock operation of the dynamic loop shown in Figure 2.
The fluid loop used for the thermal stability testing of the RC-1 or-
ganic working fluid is similar to those used in prior fluid testing at Thermo
Electron (i.e., thermal stability testing of Fluorinol). Because the upper
temperature limit of RC-1 is higher than ever encountered with organic
fluids (greater than 700°F) , it was necessary to modify the method of
heating the RC-1 to these high temperature levels. Prior testing with
Fluorinol utilized a boiler that was electrically heated and used vapor-




























heaters were immersed in the heat transfer fluid (Dowtherm A with a
temperature limit of 720°F), with the boiler tube located in the vapor
space above the heat transfer fluid surface.
This RC-1 loop uses a finned-tube heat exchanger for the vapor-
generator and a forced convection hot air system to heat the RC-1 or-
ganic fluid to temperatures up to 1000°F. Figure 3 is a view of the ex-
posed electrical heating elements that heat the air passing over them to
the desired temperature levels.
2.1.2 Test Results
More than 1600 hours of testing was completed on the dynamic fluid
test loop. Testing was performed at 700°, 800°, and 900°F operating
temperature levels. Table 1 summarizes the tests, showing the operating
hours and other highlights at each test condition. The three (3) major
methods of fluid analysis employed during these tests and their results
are:
• Neutralization Number by Color-Indicator Titration (ref. 2)
This process is performed in-house and measures the acidity of
the fluid, expressed in milligrams of potassium hydroxide nec-
essary to neutralize one (1) gram of the fluid sample. The al-
lowable acid level established for the former Fluorinol-85 Rankine-
cycle system was a neutralization number of 0.040. All samples
taken in these RC-1 loop tests showed no acid formation. Only
the initial sample at about the 90-hour mark of Test No. 1 (700°F)
registered a neutralization number of 0.0178, which is well be-
low the 0.040 limit. All other samples for testing performed
showed neutralization numbers of zero (0) or very close to it
(another sample had a 0.006 neutralization number).
• Gas Chromatography (GC)
A Shimadzu Model 6AM gas chromatograph with an integral ther-
mal conductivity detector was used for this analysis, which is
also performed in-house. The samples analyzed during the tests
and compared to the pretest stock sample GC of the RC-1 organic
fluid show identical constituent peaks in the same proportion.
Figures 4 and 5 are GC's of the pretest sample and a sample of
the RC-1 fluid at the 606-hour mark of Test No. 2 (800°F operat-
ing temperature). Figure 4 is at an attenuation factor of 64 and
shows the 606-hour sample to contain the same proportion of RC-1
constituents (PFB and HFB) as the stock working fluid. Figure
5 at an attenuation factor of 8 again shows similar traces with the
peak pentafluorochlorobenzene (PFCB) identified with other trace
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SAMPLE OF STOCK WORKING FLUID PRIOR TO START OF TEST
MIXTURE ANALYSIS: RC-1 (60 MOL % PFB - 10 MOL % HFB)
(ATTENUATION x 64)







SAMPLE OF WORKING FLUID AFTER 606 HOURS AT 800°F













Figure 4. Gas Chromatographs of Dynamic Loop
RC-1 Working Fluid Samples - Test No. 2
at Attenuation x 64
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SAMPLE OF STOCK WORKING FLUID
PRIOR TO START OF TEST
(ATTENUATION x 8)
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Figure 5. Gas Chromatographs of Dynamic Loop
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At the 141-hour mark of Test 3 at the operating temperature of
900°F, an RC-1 sample was taken and analyzed. Figures 6 and
7 are the GC's for this sample and also the corresponding pre-
test sample. Again, Figure 6 shows the proper and similar pro-
portions of the PFB and HFB constituents of the RC-1 fluid. At
an attenuation factor of 4 which magnifies the constituent peaks,
Figure 7 shows no degradation, but the formation of trace con-
stituents which are extremely minute at the 141-hour mark of the
test and not quantitatively determinable. GC's of samples at the
conclusion of this 900°F test (532 hours) show similar trace peaks
with no major growth to contaminant peaks.
Mass Spectral Analysis (MS)
This method of analysis provides one of the most stringent and
exacting methods for the determination of organic compounds.
This analysis method is being carried out by an independent
outside testing laboratory. Two (2) samples of RC-1 working
fluid were sent out for analysis. One of the samples was taken
at the 364-hour mark of Test No. 2 at the operating temperature
of 800°F. The second sample was the stock fluid that had been
loaded into the loop prior to the test.
The written report (see Appendix A) has been received and the
outside laboratory (Cambridge Analytical Associates) indicates
that inspection of the Reconstructed Gas Chromatograph (RGC)
of the Mass Spectra (MS) yielded identical traces for both sam-
ples. In conclusion, no impurities were found in the sample that
were not detected in the standard indicating no change in the
working fluid at the 800°F temperature after 364 hours.
A gas sample and a liquid sample at the 417-hour mark of the
900°F test were sent to Cambridge Analytical Associates for
mass spectral analysis. The gas was analyzed and yielded just
one minute peak that is probably a rearranged hexafluorobenzene
(HFB) molecule. The analysis of the liquid sample showed no
breakdown or changes in the major RC-1 constituents, but did
indicate two (2) peaks with molecular weights of 330 and 348.
These constitutents were present with concentrations of approx-
imately 100 ppm and are identified as fluoroalkanes. The written
report on this 417-hour sample at 900°F operating temperature
is presented in Appendix B.
Static Capsule Tests
As a means of further assessing loop results a number of static
capsule tests are also being performed. Fluid samples together
14
311-1083
SAMPLE OF STOCK WORKING FLUID


















SAMPLE OF WORKING FLUID
AFTER 141 HOURS AT 900°F
(ATTENUATION x 64)
SAMPLE INJECTION
Figure 6. Gas Chromatographs of Dynamic Loop
RC-1 Working Fluid Samples - Test No. 3
at Attenuation x 64
15
315-1083
SAMPLE OF STOCK WORKING FLUID
PRIOR TO START OF TEST
(ATTENUATION x 4)
SAMPLE INJECTION
SAMPLE OF WORKING FLUID
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Figure 7. Gas Chromatographs of Dynamic Loop
RC-1 Working Fluid Samples - Test No. 3
at Attenuation x 4
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with metal coupons are placed in glass capsules, sealed, placed
in pressurization manifolds (metal containers for the glass cap-
sules), and heated in an oven at various temperatures for a 14-
day period. Each test series consists of testing a total of 10
capsules containing one (1) milliliter of RC-1 with the following
metal coupons:
- 2 tubes with no metal coupons
- 2 tubes with 304 stainless steel coupons
- 2 tubes with 316 stainless steel coupons
- 2 tubes with 1010 carbon steel coupons
- 2 tubes with 6061 aluminum coupons
Static capsule tests were performed at 650°, 800°, and 900°F
temperature levels and the results of these tests are presented
in Tables 2, 3, and 4, respectively. Table 2, which shows the
results of the 650°F test, indicates no change in the metal cou-
pon weights. Physical observations of the metal coupons showed
a very slight dulling of the St. St. 304 and Aluminum 6061. The
St. St. 316 became slightly browned and the Carbon Steel 1010
turned black. The glass tubes remained clear and the RC-1 fluid
water white. GC analysis of the samples indicated no change in
the RC-1 fluid.
The 800°F test results are summarized in Table 3 and again show
no change in the weights of the metal coupons. All metal coupons
were generally blackened as were the glass tubes. The RC-1
fluid turned a yellow brown but no change in fluid constituents
occurred as determined by the GC analysis, except for trace
peaks with one of the Aluminum 6061 s'amples.
The 900°F results (Table 4) also show no change in the metal
weights except for a 3-percent loss from its original weight in
the St. St. 304 coupon. All the metal coupons and glass tubes
became blackened. The RC-1 fluid without metal in the capsule
was brown in appearance, as was the fluid with the Aluminum
6061 samples. The GC of the Aluminum 6061 fluid had three (3)
small, late peaks similar to the Aluminum 6061 sample at 800°F.
The fluid from the St. St. 304 samples was yellowish in color
with evidence of gas evolution. It had the same chromatographic
output as the 900°F Aluminum 6061 samples with the addition of
two (2) small peaks on the downside shoulder of the PFB peak.
The fluid from the Carbon Steel 1010 capsules was yellowish brown
and appeared on the chromatograph with the same three (3)
peaks as the Aluminum 6061 samples. The St. St. 316 gave re-














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































GC's of the stock RC-1 sample prior to the tests and GC's of
all the capsule samples at the conclusion of the static tests
were taken for all RC-1 fluid-metal combinations and for all
temperature conditions (650°, 800°, and 900°F).
2.2 SYSTEM ANALYSIS
The initial efforts of this task consisted of the acquisition of the
RC-1 thermodynamic properties from Monsanto with subsequent storage
and formating of the tables for use in Thermo Electron's computer pro-
grams. The thermodynamic properties of RC-1 are tabulated in Appen-
dix C.
Studies were made of the effect on performance by varying system
component sizes and other variables. Many iterations and computations
were undertaken to optimize the system before the design point was
chosen.
Data on an adiabatic engine in four (4) different configurations were
supplied by NASA Lewis, and the performance of an RC-1 Rankine bot-
toming cycle system was computed for these engines.
2.2.1 RC-1 Parametric Analysis
To determine the most efficient RC-1 operating cycle for this appli-
cation, a parametric analysis was undertaken. By varying the system
operating pressures and temperatures as well as the component efficien-
cies , it was possible to determine these effects on the overall system per-
formance and the sizes required for the system's heat exchangers. Using
this information, a system design point, including the cycle state points
and component designs, could be specified.
The parametric analysis proceeded by first identifying a "baseline
cycle" state point condition. Then each parameter, whose effect on the
system's performance was to be measured, was varied (in turn) and the
results of this change to the Rankine-cycle operating conditions were re-
corded. The baseline condition selected for this RC-1 parametric study
is shown in Table 5. Also identified in Table 5 is the range of exhaust
gas temperatures of interest as well as the imposed limits of turbine inlet
temperature and pressure used in the study. The desired result of any
cycle calculation was: the overall cycle conversion efficiency, the iden-
tification of component sizes, and the efficiency of the component. The
conversion efficiency is not the same as Rankine-cycle efficiency. Con-
version efficiency is defined as the ratio of the net cycle power to the
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limit of 300°F was selected as the minimum exhaust temperature, below
which particulates could condense out of the exhaust stream to cause
corrosion problems on the heat exchanger surfaces. The conversion ef-
ficiency equation is defined at the bottom of Table 5.
Five (5) d i f ferent cases were studied in this parametric analysis.
Each case studied the effect of changes of one parameter on the overall
cycle performance. A complete list of the parametric variations performed
in each case is shown in Table 6. These five (5) limited cases by no
means represent all the parametric variations that could be considered
in a very detailed Rankine-cycle study. However, they do represent the
major parametric variables that have the most effect on the selection of
a design point for a waste-heat recovery system. For example, a para-
metric study could also involve verifying the pressure drops of the sys-
tem's components. In fact, if the pressure drops were varied from zero
(i.e. , no pressure drop at all) to the values shown in Table 5, a varia-
tion of only 1 to 3 percent in overall conversion efficiency would result.
A full summary of the effect of component drop on conversion efficiency
is given in Table 7.
The results of each case study were arranged in both graphical and
tabular form. This arrangement provided the best representation of the
data and facilitated the observation of. component size or system perform-
ance trends. The graphical results for the Case I study are presented
in Figures 8 through 11. By referring to these figures it is possible to
quickly determine the conversion efficiency as a function of RC-1 system
operating temperature and pressure and exhaust gas inlet temperature.
Of equal importance is the effect of these parameter changes on the over-
all sizes of the heat exchanger equipment needed to obtain that particular
system performance. By utilizing this graphical representation of the re-
sults, the trends of increasing or decreasing component sizes become more
readily apparent.
The tabular data compiled for Cases I, II, III, and. V are presented
in Tables 8, 9, 10, and 11, respectively. The study data were tabulated
as shown in these tables to quickly quantify the effect of changes in the
various parameters. By observing Table 8 (parameter summary for Case
I), it is possible to quickly determine the magnitude of change in the
conversion efficiency as a function of the RC-1 operating temperature
and pressure and exhaust temperature.
From Table 8 it is also possible to quantify the effect of this para-
metric variation on the condenser, regenerator, and vapor-generator.
Similarly, Tables 9, 10, and 11 summarize the parametric studies for Cases
II, III, and V.*
*Case IV is the ef fec t of turbine efficiency and all the tables and figures




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The detailed study and evaluation of all the tabular and graphical
results compiled from this parametric study led to the selection of the
system design point. This selection, although not necessarily providing
the highest conversion efficiency, does consider the tangible consequences
of component size and packaging requirements for installation as an inte-
grated system on a heavy-duty vehicle. A detailed state point summary
of the design point selected is shown in Figure 12. These particular re-
sults and system operating conditions consider the use of a water-cooled
condenser. An improvement in performance can be demonstrated by the
use of a direct air-cooled condenser. The design point results and con-
ditions for the air-cooled system are shown in Figure 13. Based upon
this improved performance and the elimination of water cooling loops in
the Bottoming Cycle System, as is accomplished with the adiabatic diesel
engine, the RC-1 system utilizing the air-cooled condenser was selected
for final component sizing and specification.
2.2.2 Diesel /RC-1 Bottoming Cycle Power Summary
The baseline diesel engine data supplied by NASA Lewis are shown
in Table 12. Four (4) diesel configurations with performance and exhaust
gas conditions were provided for the waste-heat recovery performance
evaluation.
Using the waste-heat energy from these base diesel engines, an RC-1
bottoming cycle system performance was calculated for each diesel engine
configuration. Performance was determined for RC-1 systems using both
the water-cooled and air-cooled condenser options. The operating state
point conditions used in this analysis were those determined to be optimum
from the parametric study. A typical RC-1 state point and thermodynamic
process diagram is shown on the temperature-entropy plot in Figure 14.
Table 13 contains the performance data for the RC-1 bottoming cycle sys-
tem matched to each diesel engine configuration. Bottoming cycle power
as high as 56 horsepower for the air-cooled condenser option and 53 horse-
power for the water-cooled condenser option are possible. In all instances,
the performance calculations did not consider engine fan power parasitics.
This rationale is consistent with the performance presentation of the base
diesel engines given in Table 12.
T>IP! compound engine (diesel plus, bottoming cycle) performance is
shown .1 "'able 14. The analysis indicates that a minimum compound en-
gine -jS1 J of 0.258 Ib/hp-hr can be obtained if an RC-1 Bottoming Cycle
System .with the air-cooled condenser option) is used to bottom the turbo-
charge.d, turbocompounded air after cooled diesel engine (TCPD/A). For
the simple turbocharged diesel engine (TC), a maximum fuel savings and
power improvement of 15 and 18 percent, respectively, is possible with
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An analysis to determine the performance sensitivity with respect
to exhaust gas temperature was also conducted, and the results of this
study are shown in Table 15. The table shows that a compound engine
BSFC as low as 0.251 Ib/hp-hr is possible if the exhaust temperature
from the adiabatic diesel engine reaches 1600°F. This represents a fuel
savings potential of 19 percent and a bottoming cycle power delivery of
75 horsepower.
2.3 PRELIMINARY SYSTEM DESIGN
All of the power performance calculations presented in the previous
section for the diesel bottoming cycle system compound engine were per-
formed with fixed Organic Rankine-Cycle System (ORCS) component sizes.
These component sizes were chosen because they could be realistically
packaged and installed in a heavy-duty transport vehicle equipped with
an adiabatic diesel engine.
Thermo Electron's prior experience with the Fluorinol-based truck
bottoming cycle system was of considerable advantage in the design of
each component for the RC-1 system. These advantages also included
the general packaging arrangement for an effective vehicle installation.
Because of the properties of the RC-1 organic fluid, it was necessary to
redesign or modify the four (4) principal Rankine-cycle components: the
vapor-generator, feedpump, turbine-gearbox unit, and integrated air-
cooled condenser-regenerator heat exchangers. The bottoming system
schematic showing the relative location of each component and the oper-
ating conditions for this RC-1 system at the design point is shown in Fig-
ure 15. A description of the major components and their design features
are presented below.
• Vapor-Generator
The vapor-generator for this system has a core area which is
only 11 percent larger than the one for the Fluorinol-85 truck
ORCS. For the same diameter unit, this translates into a 4-inch
increase in the overall length of the finned-tube core. However,
at this increased length the core will fit inside the 48-inch-long
vapor-generator shro.ud, thus maintaining the same package size
for the vapor-generator module. The core consists of finned
tubing spirally wound in "pancake" sections as in the VGIII de-
sign for the Fluorinol system. All other features, such as the
diverter valve and internal bypass stack, also remain the same..
Figure 16 shows the basic design of the vapor-generator.
• Feedpump Design
The RC-1 feedpump design is identical with the Fluorinol truck



























































































































































































































































































































































































































































Basically, it is a three (3) cylinder, variable positive displace-
ment pump with a flow rate capability from 0 to 6i gpm at 1000
psia design pressure. It has a cylinder base of 1.1 inches and
a maximum stroke of 0. 315 inch.
The change in pump displacement is accomplished by using a
small electric screw-motor that axially moves a Z-bar camshaft
which changes the eccentricity of a rotating cam follower. The
net effect is the capability to vary the piston stroke from 0 to
0.315 inch.
The pump is integrated with a feedpump drive unit and installed
as a package as part of the PCU.
Turbine-Gearbox Unit
The RC-1 turbine and gearbox requirements were reviewed very
carefully. The RC-1 turbine operating conditions were sufficiently
different from the Fluorinol-85 conditions to warrant a new tur-
bine design analysis. Using several organic fluid-turbine design
computer programs, and inputting the new RC-1 operating con- j
ditions ( i .e . , 750°F and 800 psia turbine inlet conditions), cer- i
tain turbine specifications were identified that were used in fi- ;
nalizing a turbine design. The turbine design is defined in the
computer output of Figure 17 and shown in Figure 18. The tur-
bine rotor is 3i inches in diameter and will turn at a speed of
55,000 rpm. The shaft seal is a double-faced carbon seal with
a single mating ring and a buffer oil zone between the seals to
prevent leakage of RC-1 fluid out of the system and at the same
time prevent air leakage into the subatmospheric system. Hy-
draulic bearings are used in this design instead of roller bear-
ing elements, and the turbine housing and rotor are expected
to be cast for cost effectiveness.
The turbine gearbox reduces the speed of the turbine (55,000
rpm) to 3000 rpm at the Power Take Off (PTO) input gear. This
speed reduction is accomplished by a planetary gear train that
is contained in a small compact housing. The turbine output
power is transmitted to the diesel driveline through an over-
running (Sprague-type) or one-way clutch. Thus, the turbine-
gearbox unit is not a parasitic and cannot be turned by the
diesel engine. Only when the Bottoming Cycle System is putting
out power will the clutch engage and deliver positive power to
the diesel driveline.
The turbine, gearbox, feedpump, and feedpump drive assembly
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mechanical interface between the RC-1 bottoming cycle PCU
and the vehicle PTO. With this new arrangement, only one (1)
gear in the PTO must^ be engaged, which not only Deduces the
complexity but also allows the bottoming cycle system to be
more universally applied to various engine systems. The PCU
module containing the turbine, gearbox, and feedpump assembly
is shown in Figure 19..
• Condenser-Regenerator Module
The integrated air-cooled condenser-regenerator is the most
unique subsystem in the RC-1 bottoming cycle system design.
The existing Fluorinol-85 Truck Bottoming Cycle System consists
of a water-cooled condenser and an air-cooled radiator heat ex- '
changer cooling loop. With the arrival of the adiabatic engine,
there is now considerable incentive .to eliminate any and all ra-
diators in front of the diesel engine. The air-cooled condenser
design for this system eliminates the need for a water-cooling
loop and the module is located to the rear of the engine and ve-
hicle cab (as is the vapor-generator) . The regenerator in this
design is integrated into the top header of the condenser. This
arrangement eliminates the pipe connections that would other-
wise be required of two (2) separate heat exchangers and also
minimizes the installation space required for the heat exchanger.
The condenser-regenerator module, shown in Figure 20, consists
of a unique condenser design. The air-cooled condenser is cy-
lindrically shaped permitting cooling air to flow radially across
the condenser from the inside to the outside diameter surface.
The heated air is then rejected to the ambient after passing
through a small induction fan. The fan is sized to provide suf-
ficient air flow only when the vehicles ram air intake is reduced.
A small dc motor with a double-output through-shaft drives the
fan on one end, and the boost pump and gerotor turbine lubrica-
tion pump on the other end. The assembly, as shown in Figure
20, also provides for an air-scoop device that could be used to
supply condenser heated air (120°F.) to the cab interior for pas-
senger comfort heating and for window defrosting. The overall
length of the integrated condenser-regenerator unit is approxi-
mately the same as the vapor-generator (4 feet) and is installed
in a similar manner - to the rear of the vehicle on the opposite
side to the vapor-generator.
























Figure 21. Typical Truck Installation
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A parts list for the RC-1 system is presented in Table 16, listing
the major assemblies and part breakdown for each assembly. This table
also lists the estimated weight of the various components of the system.
The total weight (692 Ib) given here does not consider the plumbing,
control system, and RC-1 organic fluid inventory. Table 17 organizes
the RC-1 Bottoming Cycle System weight into the three (3) basic modules
and also includes the plumbing, control system, and RC'-l fluid inventory
in the estimate. The net ORCS weight of 740 Ib is 300 Ib lighter than the
1039-lb Fluorinol Truck Bottoming Cycle System.
2.4 LIFE-CYCLE COST ANALYSIS
After selection of the design point establishing the system perform-
ance and definition of the components by the system design, a cost anal-
ysis was conducted for this RC-1 Organic Rankine Bottoming Cycle System.
Efforts in the cost evaluation for the RC-1 Bottoming Cycle included:
• Potential Capital Cost
• Maintenance Cost
• Simple Payback Period
• Return on Investment
The following sections describe the evaluations and estimates made,
including methodology and the economic and operational reference data
provided by NASA Lewis in arriving at the final results.
2. 4.1 Bottoming Cycle Manufacturing Cost
In 1980 Thermo Electron Corporation contracted Rath & Strong, Inc. ,
under PO #42646, to develop the manufacturing costs to produce a diesel-
organic Rankine compound engine for long-haul trucks. At that time the
manufacturing costs were developed for three (3) different annual pro-

































































































































































































































































































































































































































































































































































































































































































































































































































RC-1 BOTTOMING CYCLE SYSTEM .WEIGHT
• Vapor-Generator Module 450 Ib





- Plumbing and Hardware





- Boost /Lube Pump
- Oil Cooler
- Regenerator Support Bracket
- Filter/Boost Pump Bracket
• Control System 7 Ib
• RC-1 Fluid Inventory
(H gal at 13.4 Ib/gal) 54 Ib
Gross ORCS Weight 765 Ib
Deduct for Muffler -25 Ib
Net ORCS Weight 740 Ib
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The factors and concepts applied in the calculation of the above
unit costs are summarized as follows.
• Material Cost
The material cost per unit applies to the 5000 per year volume
level with a 0. 9 learning curve concept applied for the other
production levels. That is, for every doubled quantity, the
cost is reduced by 10 percent.
• Direct Labor Cost
A labor rate of $8.00 per hour was used for each man-hour.
• Indirect Labor Cost
40 percent of direct labor unit cost was used.
• Tools Cost
These costs were amortized over 3 years.
• Equipment Cost
- Machine Utilization - For the 5000 units per year volume level,
it was estimated that the machines would be 30 percent loaded
on an ideal basis. Industry experience indicates that only
about 75 percent of ideal utilization is attained; therefore, a
combined factor of 40 percent (30% T 75%) has been applied.
A multiplication factor of 0.90 was used for 50,000 units/year
and 0.95 was used for 150,000 units/year.
- The resultant estimates were amortized over 12 years.
A manufacturing cost of $4189 for the RC-1 Bottoming Cycle System
has been developed for an annual production rate of 10,000 units (Table
18). For all similar components in the RC-1 system design, the same
methodology was used as described above for the Rath & Strong, Inc.
cost development. New cost estimates or vendor quoted costs (noted items
in Table 18) for components that are unique or different for the RC-1
system design have been incorporated. Factors for the 10,000 units/year
production level have been calculated or extrapolated from those used in
the Rath & Strong cost estimates. Those costs shown in Table 18 have
also been escalated by 20.4 percent to bring the estimates in line with
the current dollar value. This 20.4-percent factor was obtained from
the "Survey of Current Business," United States Department of Commerce/
Bureau of Economic Analysis and is the inflation index for Transportation




MANUFACTURING COST ESTIMATE FOR RC-1 BOTTOMING CYCLE
SYSTEM AT AN ANNUAL PRODUCTION RATE OF 10,000 UNITS












Miscellaneous Equipment and Hardware
























*This cost is an actual quote from Cannon Boiler Works of
Pennsylvania. The recalculated cost for this heat exchanger
performed by the Rath & Strong method yielded a cost of
$1405 for this production level. This adds another degree
of confidence to the Rath & Strong method.
**The fluid inventory required for the RC-1 bottoming cycle
system is 4 gallons at an estimated manufacturing cost of
$44 per gallon.
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The cost estimate of $44 per gallon for the RC-1 fluid is based on
an annual production rate of 100,000 gallons. This RC-1 manufacturing
cost has been developed utilizing both in-house experience and a Monsanto
study (ref . 3). One input for this cost estimate was the experience of
an actual pilot plant built and operated by Thermo Electron Corporation
with production rate of 66 gallons per year. The total manufacturing cost
at this small production capacity was $1208 per gallon. Estimates of the
manufacturing cost for a plant with a production capacity 100 times greater
(6600 gallons per year) resulted in a cost at $86 per gallon. Recent ver-
bal communication with Imperial Smelting of England indicates that RC-1
fluid can be purchased from them at approximately $1000 per gallon in
single gallon quantities.
The other major source and basis for the RG-1 manufacturing cost
developed for this system is the previously mentioned Monsanto study.
A manufacturing and economic evaluation indicated a plant selling price
of $1.40/lb of RC-1 for a large plant producing 50,000.000 Ib/hr. With
a liquid density of 13 Ib/gal, these values are equivalent to $18/gal RC-1
and 3,900,000 gal/year.
2. H. 2 Bottoming Cycle Maintenance Cost
A maintenance expense for the RC-1 Bottoming Cycle System has
been estimated at $0.011 per mile. This maintenance cost has been de-
rived from prior evaluation and studies performed for the Fluorinol Truck
Bottoming Cycle System ($0.0l/mile in 1980 dollars), and the actual serv-
ice contract price for maintenance that Thermo Electron offers for its
TECOGEN™ Cogeneration Module.
The TECOGEN is an automatic cogeneration module manufactured
by Thermo Electron. The module simultaneously produces hot water and
60 kW of electricity. This powerplant, although a stationary system, can
be compared to the bottoming cycle with similar components. The Co-
generation module, which is designed to operate 24 hours a day, con-
tinuously, contains the following major components.
• Modified V-8 Engine for Industrial Use (Not in Bottoming Cycle
System)
• Engine Coolant Heat Exchanger (Coolant to Water)
• Exhaust Heat Exchanger (Gas to Water)
• Water-Cooled Exhaust Manifolds
• Oil Cooler
• Induction Generator (Not in Bottoming Cycle System)
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• Microprocessor Control System
Automatically starts and stops the unit
- , Connects or disconnects the module with the electric utility
Provides diagnostic capability
Thermo Electron offers a service maintenance, contract at a cost of
$0.015/kWh. The maintenance price includes:
• Personnel travel to and from the site.
• Preventive maintenance schedule that includes engine oil changes
every 500 hours.
• Repairs and parts replacement, both scheduled and unscheduled.
• Complete engine replacement after 12,000 hours (if required).
Personnel travel to and from the site is one-third the maintenance cost.
Because this cost does not apply for the bottoming cycle where maintenance
is performed in a service area, then the comparable maintenance cost for
the bottoming cycle can be based on two-thirds the module maintenance
cost ( 2 / 3 x $0.015/kWh), or $0.010/kWh. For continuous operation of the
module the total maintenance cost for the year then becomes:
$0.01/kWh x 60 kW x 8760 hr/yr = $5256/yr.
\
For steady-state operation this translates to an equivalent yearly mileage
of:
8760 hr/yr x 55 miles/hr = 481,800 miles/yr.
Thus, the maintenance cost calculated on a mileage basis becomes:
^ n - i /481,800 miles /yr
The 1980 $0.01/mile maintenance cost for the Truck Bottoming Cycle
System considered the following factors.
• Scheduled Maintenance
- Vapor-generator cleaning (water wash) at same interval as
diesel engine oil change (Mack recommends oil change every
16,000 miles).
- Gearbox oil changes at same interval as diesel engine oil change.
- Organic fluid filter cartridge change at same interval as diesel
engine oil change.
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- One (1) burst disc replacement per year
- One-half organic fluid inventory replacement per year (2 to
2i gallons)
• Unscheduled Maintenance
- One (1) fan belt replacement
- Control system repair ( i .e . , card replacement).
- Other failures ( i .e . , organic fluid flexline leak, turbine seal
leak, and feedpump feedback pot)
Time estimates for the normal maintenance schedule were determined
from actual operating experience with the Test Bed Vehicles (over 55,000
miles) and also with the laboratory system (over 2000 hours of operation).
These times together, with allowance for some unscheduled maintenance,
were used to determine the prior 1980 maintenance cost of $0.01/mile.
Of this $0.01/mile maintenance burden for the ORCS, just over half
($0.006/mile) is for the normal maintenance schedule, while the balance
of the $0.01/mile cost is allocated for unscheduled maintenance or failures.
These maintenance costs are based on a truck annual mileage of 100,000
miles.
Considering the above mentioned service contract for the TECOGEN
and prior studies done on the Truck Bottoming Cycle System to deter-
mine maintenance requirements both scheduled and unscheduled, a main-
tenance cost of $0.011 per mile was established for this study.
2.4.3 Bottoming Cycle System Economic Incentives
- The economic benefits of an RC-1 Bottoming Cycle System are based
on the fuel savings potential of the system, system cost, and economic
conditions that exist at the time. The fuel savings potential has been
established by the analysis task of this program and the unit and other
associated costs have been developed in the preceding paragraphs. The
economic conditions for this study have been established by the NASA
Lewis Research Center. Table 19 shows the NASA Reference Diesel En-
gine Data with respect to the mission fuel economy and selling price for
each of the four (4) base diesel engine configurations. The other per-
tinent economic and operational data, such as fuel price and annual ve-
hicle mileage, are presented in Table 20.
The simple payback period was then calculated for the Bottoming
Cycle versus the Turbocompound Engine System by the procedure desig-
nated by NASA and shown in Table 21. This example calculates the pay-



































*FOR ENGINE RATINGS ABOVE THOSE LISTED IN THE TABLE,






• COST OF MONEY (INTEREST) 12%
• CORPORATE TAX RATE 16%
• INVESTMENT TAX CREDIT 7%
• ESCALATION RATE 0%
• DIESEL FUEL PRICE PER GALLON $1.20
• ANNUAL MILEAGE PER TRUCK 100,000
• HARDWARE USEFUL LIFE 7 YEARS
• ANNUAL PRODUCTION RATE 10,000*
• SELLING PRICE/MFC COST 2.0
*10% PENETRATION ON A MARKET OF 100,000 CLASS-8




NASA REFERENCE SIMPLE PAYBACK PERIOD
(BOTTOMING CYCLE VS TURBOCOMPOUND)
BOTTOMING CYCLE PARAMETERS:
- OUTPUT AS APPLIED TO TC ENGINE - 56 HP
- BOTTOMING CYCLE SELLING PRICE - $8378
COMPOUND ENGINE PARAMETERS:
- RATED BMP - 317 + 56 = 373
- BSFC/MPG - 0.268/6.65
- ANNUAL FUEL - 15,037 GAL/$18,044
- ENGINE SYSTEM PRICE - $14,000 + $8378 = $22,378
COMPARABLE TCPD/A ENGINE PARAMETERS:
- RATED BMP - 373
- BSFC/MPG - 0.293/6.08
- ANNUAL FUEL - 16,447 GAL/$19,737
- ENGINE SYSTEM PRICE - $16,500 + (33 x 30) = $17,490}
SIMPLE PAYBACK:
- ANNUAL FUEL SAVINGS - 1410 GAL/$1692
- ENGINE CAPITAL COST DIFFERENCE - $4888
- PAYBACK PERIOD - 2.89 YEARS
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the turbocompound (TCPD/A) engine and does not consider the payback
period requirements of the TCPD/A engine with reference to the TC engine
configuration, for example. A set of calculations for payback period was
made for both the TCPD/A engine and the bottoming cycle compound
engine versus each reference diesel engine configuration. The examples
for each case are presented in Tables 22 (a) through 22 (d ) . The last item
in each table shows the difference in payback period between the Bottom-
ing Cycle Compound Engine and the TCPD/A Engine Systems.
A summary for the simple payback period for the option choice versus
each base engine configuration is shown in Table 23. Besides the payback
periods for the TCPD/A, ORCS, and the difference between them, the
payback periods for the other engine options versus the reference base
engine configuration has also been calculated where applicable. If a po-
tential buyer is weighing the options against the base TC engine, con-
sideration should be given to the payback period of each option, for the
fuel economy benefits derived and the capital cost difference required.
For instance, if one chooses the TC/A engine over the TC engine, the
simple payback period is 1.22 years for the fuel saving benefit of the
TC/A over the TC engine for the $500 cost difference between them.
Similarly, if one decides to spend $8400 for the ORCS option, it will take
only 2.12 years to pay back considering the fuel savings potential of
this system.
A nomogram was developed to graphically determine the simple pay-
back period of .any Bottoming Cycle System compared to any of the four
(4) reference diesel engine configurations knowing only the compound
engine BSFC and the additional power output provided by the bottoming
system. The nomogram and expressions for the development of this pay-
back" period nomogram are presented in Appendix D.
The simple payback period examples shown above were based on a
fuel price of $1.20/gal and an annual truck mileage of 100,000 miles (de-
fined by NASA reference data) . Figure 22 shows the payback period
sensitivity to fuel price for the vehicle mileage "window" from 100,000
to 150,000 miles per year. As vehicle annual mileage approaches 150,000
miles and fuel prices advance towards the $2.00 per gallon figure, this
$8400 RC-1 Bottoming Cycle System will pay back in less than one (1) year.
A cash flow projection was executed for the RC-1 Bottoming' Cycle
System utilizing the Table 20 economic reference data furnished by NASA.
Table 24 shows the cash flow subset of a potential fleet or other vehicle
owner for the 7-year hardware useful life with cumulative profits of
over $6600 and cash flow exceeding $5500. This example shows an in-
ternal rate of return of 45 percent for this "up front" capital investment,










- Output as Applied to TC Engine - 56 hp
- Bottoming Cycle Selling Price - $8378
COMPOUND ENGINE PARAMETERS (BOTTOMING CYCLE)
- Rated bhp - 317 + 56 = 373 hp
- bsfc/mpg - 0.268/6.65
- Annual Fuel - 15,037 gal/$18,044
- Engine System Price - $14,000 + $8,378 = $22,378
SIMPLE PAYBACK (BOTTOMING CYCLE)
- Annual Fuel Savings - 2631 gal./$3157
- Engine Capital Cost Difference - $6698
- Payback Period - 2.12 years
DIESEL ENGINE PARAMETERS
- Output of TC Engine - 317 + 56 = 373 hp
- bsfc/mpg - 0.31575.66
- Annual Fuel - 17,668 gal/$21,201
- Engine Selling Price - $14,000 + (56 x 30) = $15,680
TCPD/A ENGINE PARAMETERS
- Rated bhp - 340 + 33 = 373 hp
- bsfc/mpg - 0.293/6.08
- Annual Fuel - 16,447 gal/$19,737
- Engine System Price - $16,500 + (33 x 30) = $17,490
(T) SIMPLE PAYBACK (TURBOCOMPOUND)
- Annual Fuel Savings - 1221 gal/$1465
- Engine Capital Cost Difference . - $1810
- Payback Period - 1.24 years
(7) DIFFERENCE IN PAYBACK PERIOD
© ©





FOR BOTTOMING TC/A ENGINE
(T) BOTTOMING CYCLE PARAMETERS
- Output as Applied to TC/A - 52
Engine
- Bottoming Cycle Selling Price - $8378




- Engine System Price
320 + 52 = 372 hp
0.267/6.68
$14,970 gal/$17,965
$14,500 + $8,378 = $22,878
SIMPLE PAYBACK (BOTTOMING CYCLE)
©
- Annual Fuel Savings
- Engine Capital Cost Difference
- Payback Period
DIESEL ENGINE PARAMETERS
- Output of TC/A Engine
- bsfc/mpg
- Annual Fuel









- 320 + 52 = 372 hp
- 0.31075.75
- 17,391 gal/$20,870
- $14,500 + (52 x 30) = $16,060
- 340 + 32 = 372 hp
- 0.293/6.08
- 16,447 gal/$19,737
- $16,500 + (32 x 30) = $17,460
(7) SIMPLE PAYBACK (TURBOCOMPOUND)
- Annual Fuel Savings
- Engine Capital Cost Difference
- Payback Period
















- Output as Applied to TCPD - 50 hp
Engine
- Bottoming Cycle Selling Price - $8378
COMPOUND ENGINE PARAMETERS (BOTTOMING CYCLE)
- Rated bhp - 335 + 50 = 383 hp
- bsfc /mpg - 0.258/6.91
- Annual Fuel - 14,472 gal/$17,366
- Engine System Price - $16,000 + $8,378 = $24,378
SIMPLE PAYBACK (BOTTOMING CYCLE)
- Annual Fuel Savings - 2195 gal/$2634
- Engine Capital Cost Difference - $6878
- Payback Period - 2.61 years
DIESEL ENGINE PARAMETERS
- Output of TCPD Engine - 335 + 50 = 385 hp
- bsfc/mpg - 0.297/6.00
- Annual Fuel - 16,667 gal/$20,000
- Engine Selling Price - . $16,000 + (50 x 30) = $17,500
TCPD/A ENGINE PARAMETERS
- Rated bhp - 340 -t- 45 = 385 hp
- bsfc/mpg - 0.293/6.08
- Annual Fuel - 16,447 gal/$19,737
- Engine System Price - $16,500 + (45 x 30) = $17,850
SIMPLE PAYBACK (TURBOCOMPOUND)
- Annual Fuel Savings - 220 gal/$264
~ Engine Capital Cost Difference - $350
- Payback Period 1. 33 years
DIFFERENCE IN PAYBACK PERIOD





FOR BOTTOMING TCPD/A ENGINE
©1 ) BOTTOMING CYCLE PARAMETERS
- Output as Applied to TCPD/A - 46 hp
Engine
- Bottoming Cycle Selling Price - $8378
COMPOUND ENGINE PARAMETERS (BOTTOMING CYCLE)
- Rated bhp - 340 + 46 = 386 hp
- bsfc/mpg - 0.25876.91
- Annual Fuel - 14,472 gal/$17,366
- Engine System Price - $16,500 + $8,378 = $24,878
SIMPLE PAYBACK (BOTTOMING CYCLE)
- Annual Fuel Savings - 1975 gal/$2370
- Engine Capital Cost Difference - $6998
- Payback Period - 2. 95 years
© DIESEL ENGINE PARAMETERS
- Output of TCPD/A Engine - 340 + 46 = 386 hp
- bsfc/mpg - 0.29376.08
- Annual Fuel - 16,447 gal/$19,737
- Engine Selling Price - $16,500 + (46 x 30) = $17,880
TCPD/A ENGINE PARAMETERS
- Rated bhp - 340 + 46 = 386 hp
- bsfc/mpg - 0.293/6.08
- Annual Fuel - 16,447 gal/$19, 737
- Engine System Price - $16,500 + (46 x 30) = $17,880
(7) SIMPLE PAYBACK (TURBOCOMPOUND)
- Annual Fuel Savings
- Engine Capital Cost Difference
- Payback Period















































1 T 1 1
BOTTOMING CYCLE SELLING PRICE: $8400
COMPOUND ENGINE: BOTTOMING CYCLE PLUS
TURBOCHARGED DIESEL (TC)







1.00 1.20 1.40 1.60
FUEL PRICE ($/GAL)
1.80 2.00
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Similar cash flow projections are presented in Tables 25 and 26. A
50-percent loan for 5 years (60 months) is carried in the Table 25 exam-
ple, while the full capital cost (100 percent debt) is carried for 60 months
in the example of Table 26. The internal rate of return for the 50-percent
debt of Table 25 exceeds 200 percent while the 100-percent debt cash
flow projection of Table 26 indicates a rate of return that approaches in-
finity. The reason for this high rate of return in Table 26 is that the
cash flow is never negative. By definition the rate of return equates
the equivalent value of positive cash flow to the negative cash flow over
the number of years (N) in the study period and determines the interest
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3. FUTURE PLANS
With the increased efforts to improve the efficiency of diesel engine
prime movers, especially with the adiabatic engine concept, parallel ef-
forts for the development of waste-heat recovery systems must be
continued.
As the high-temperature problems (i.e. , high-strength ceramic en-
gine components) and other technical barriers are solved, the high-
efficiency adiabatic diesel engine will become an accepted reality. With
that reality comes the characteristic of increased exhaust-gas tempera-
tures of the adiabatic engine. All advanced bottoming cycle systems and
associated technology problems should, therefore, be addressed with the
same urgency as those barriers facing the adiabatic engine.
Investigations of high-temperature, advanced, waste-heat utilization
systems should include those that have the potential for even greater
fuel savings than those already considered. The high-performance RC-1
Rankine bottoming cycle is one such system.
3.1 RC-1 HIGH-PERFORMANCE CYCLE
Waste-heat recovery from the higher temperature exhaust gas of
the adiabatic diesel engine and conversion to useful power can be maxi-
mized by implementing the RC-1 High-Performance Cycle (RC-1 HPC).
The operation of the RC-1 HPC is a modified version of the simple Rankine-
cycle and is diagrammed in Figure 23. The modifications include: the
use of two (2) turbines instead of one (1) or, alternatively, a two-stage,
single turbine expander; a second vapor-generator in place of the regen-
erator located after the first turbine expander; and a working fluid flow
split from the system's feedpump into two (2) paths (see state points 5
and 7 in Figure 23). The cycle modifications also include regeneration
using the hot vapor from the second turbine expander to preheat the
liquid working fluid entering the primary vapor-generator. These mod-
ifications are practical with the RC-1 working fluid because it has the
ability to operate at a high system (turbine inlet) temperature of 850°F
(potentially up to 1000°F), and because of the thermodynamic character-
istic of the fluid to maintain a high vapor temperature after expansion
through a turbine. Temperature drops of only 125° to 150°F are typical.
Thus, the (first) turbine's vapor exhaust can be used as a heat source
for a second Rankine-cycle. With the substitution of a vapor-generator
heat exchanger for the regenerator of the simple cycle and the division
of the feedpump fluid flow rate, a second closed loop (identified by state
points 7, 8, 9, and 10 in Figure 23) can be accommodated.
The high-performance cycle (HPC) has not been evaluated in the





































which are the subject of this report. However, preliminary comparison
of performance estimates for the two (2) cycle configurations indicates
(under idealized cycle conditions) the HPC has a potential to produce
a compound engine BSFC that is 3 to 3i percent lower than that pro-
duced by the SC over a diesel engine exhaust temperature range from
1000° to 1600°F. This BSFC potential for the HPC translates into power
improvements from 15 to 25 percent over the SC. While both systems are
operating at 1000 psia, the organic operating temperature for the HPC
is 900°F compared to the SC at 750°F.
3.2 TECHNOLOGY DEVELOPMENT AREAS
The majority of the technology barriers associated with Rankine-cycle
systems used to bottom diesel engines with moderate exhaust gas temper-
atures between 650° to 1000°F (i.e., Fluorinol Truck ORCS) have been
identified and dealt with for the most part. Except for the problem of
heat exchanger fouling from the exhaust gas of diesel engines that burn
No. 2 fuel oil, the majority of development work required on these sys-
tems, such as improvement in reliability, are solvable engineering problems.
These higher temperature, Rankine, bottoming systems, especially
the RC-1 HPC at organic fluid operating temperatures approaching 1000°F,
introduce new areas for technology development, as does any higher tem-
perature operating system (e.g. , adiabatic diesel engine, gas turbine).
Some of the technology barriers that must be addressed for successful
development of these high-temperature, high-performance Rankine bot-
toming cycle systems are identified below.
• Heat Exchanger Fouling - This problem, as mentioned above,
is one that applies to any bottoming cycle system that requires
a heat exchanger to capture the exhaust gas waste heat of the
diesel engine. As with the conventional diesel engine, this tech-
nology barrier is also common to the adiabatic diesel engine
applications.
• Organic Working Fluid- Thermal Stability - This report has de-
scribed the tests performed on the RC-1 and the results that
show this fluid is capable of operating at temperatures up to
900°F. If systems such as the RC-1 HPC are to be considered
as viable waste-heat recovery systems, then more organic fluid
studies and testing must be accomplished for temperatures in
excess of 1000°F. Systems and methods of fluid conditioning
must also be investigated and developed if fluid degradation
occurs at these elevated temperature levels.
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High-Temperature Seal Development - Seals presently used on
the turbine shaft (Fluorinol Truck ORCS) are of a double-faced,
buffered chamber design with a lubricating oil as the buffer
fluid. These seals prevent the entry of air into the working
fluid, but do permit a small amount of the buffer fluid to pass
into the working fluid space. The use of oil in the buffer
chamber cools and lubricates the seal rubbing faces. There
is no problem with the small amount of oil getting into the sys-
tem because it is chemically compatible with the Fluorinol work-
ing fluid and thermally stable at the working fluid temperatures.
The same scheme cannot be used with RC-1 working fluid be-
cause the lubricating oil would decompose at RC-1 working fluid
temperatures. Therefore, high-temperature seal cooling and
lubrication, proper seal materials, and seal life with RC-1 are
areas that require further technical investigation and development.
80
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APPENDIX A
ANALYSIS REPORT OF RC-1 FLUID SAMPLE (800°F)
BY CAMBRIDGE ANALYTICAL ASSOCIATES
83
1. INTRODUCTION
On September 14, 1983 sample IV-L-9/13/83-2L (CAA ID 83-8105) was
submitted for GC/MS analysis of possible contaminants. A standard sample of
RC-1 (CAA ID 83-8106) was also analyzed for comparison.
2. EXPERIMENTAL
The analytical conditions employed are summarized in Table 1,
3. RESULTS AND DISCUSSION
Figure 1 shows the reconstructed gas chromatogram (RGC) for both samples.
As can be seen, they are identical. The large, saturated peak is due to
pentafluorobenzene and hexaflourobenzene, the two major components.
The peak appearing at scan 60 is due to pentafluorochlorobenzene. The
mass spectrum of this compound is given in Figure 2A. This peak was present
in both samples at the same approximate concentrations. Four other minor
components were also detected in both the sample and the standard. Figures 2B
and 3 give the mass spectra of two of these peaks. A manual search of the NBS
reference library spectra of 32,000 compounds gave no matches. The mass
spectra of the peaks indicate that they are fluorinated compounds
(characterized by an (M - 19) ion), and both aromatic and aliphatic in
nature, as the molecular ion is of medium intensity. Alk.anes would give a
much weaker molecular ion, and aromatics would give a much more intense one.
The four minor components had molecular weights of 212, 218, 236 and 262.
In conclusion, no impurities were found in the sample that were not























35°C to 300°C at 12°C/minute
300°C
12 minutes
41 -to 350 amu























































































ANALYSIS REPORT OF RC-1 FLUID SAMPLE (900°F)
BY CAMBRIDGE ANALYTICAL ASSOCIATES
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INTRODUCTION
On September 29 and November 9, 1983 the following samples were submitted
for GC/MS analysis of possible contaminants.





The analytical conditions employed are summarized in Table 1,
RESULTS AND DISCUSSION
Comparisons were made between this analysis and previous analyses done at
CAA (see CAA Report 83-788). Sample IV-G-9/29/83-1G was of insufficient
pressure to get an intense chromatogram. Only pentafluorobenzene and
hexafluorobenzene were detected in this sample.
Sample IV-L-11/7/83-1L had a large peak that eluted before the
fluorinated benzenes, (see Figure 2). The compound had no matches against the
NBS library of reference compounds. It was tentatively identified as
molecular weight 186 with a possible structure of perfluoro-n-propanol (see
Figure 3). Sample II-L-11/16/83-1L had pentafluorochlorobenzene, as seen in
90
previous analyses of the liquid (see Figure 4). This compound was not present
in the gas samples. Two other major peaks were detected (see Figure 5 and 6).
They appear to be fluoroalkanes of molecular weights 348 and 338.
Fluoroalkanes of molecular weight 316 and 334 were also detected. Sample
IV-L-9/13/83-2L was reanalyzed to make sure that these compounds weren't
missed in previous analyses due to altered chromatographic condition. They
were not detected (see Figure 7).
All compounds were present at low levels (estimated to be parts per
million) except for the perfluoro-n-propanol in sample III-L-11/16/83-1L.
This compound is estimated to be present at low percent levels. Hydrofluoroic





INTRODUCTION: liquid - direct injection/gas - loop injection
INSTRUMENT: Finnigan 3200 GC/MS
GC COLUMN: 6 ft x 1/4" OD OV-101 packed column
INJECTOR TEMPERATURE: 220°C
INITIAL TEMPERATURE: 35°C
INITIAL TIME: 2 minutes
TEMPERATURE PROGRAM: 35°C to 300°C at 12°C/minute
FINAL TEMPERATURE: 300°C
FINAL TIME: 12 minutes
MASS RANGE SCANNED: 41 to 350 amu
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NOMOGRAM FOR SIMPLE PAYBACK
PERIOD OF BOTTOMING CYCLE SYSTEM
117
EXPRESSIONS FOR DEVELOPMENT OF
PAYBACK PERIOD NOMOGRAM
Definitions:
DC = base diesel engine cost ($)
BC = bottoming cycle cost ($)
BCO = bottoming cycle power output (hp)
$/hp = cost per additional horsepower above base diesel engine
rating .
BSFC.,, = brake specific fuel consumption of engine (Ib/hp-hr)
MPG,,, = fuel economy of engine (mile/gal)
^Subscript denoting engine configuration as follows:
o = reference diesel engine (TC/A engine from which others
are keyed)
D = base diesel engine
BC = compound engine (diesel + bottoming cycle)
miies/yr = annual vehicle mileage
$/gal = fuel cost
Since the BSFC and MPG are keyed to the reference diesel engine
(TC/A) where BSFCO = 0.310 Ib/hp-hr and MPGO = 5.75 mile/gal, then
the fuel usage of any engine configuration can be determined as follows:
• Fuel Usage of Base Diesel Engine (gal/yr) = v<pp ^
_ miles/yr ,MDr x




• Fuel Usage of Compound Engine (gal/yr) = ..pr '
miles /yr( BSFC \ojBSFCBCJ
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So:
In both the above expressions for fuel usage,
(BSFC )(MPG ) = (0.310) (5.75) = 1.7825.
o o
Fuel Savings (gal /yr) = Fuel Usage of Diesel Engine - Fuel
Usage of Compound Engine
_ miles/yr _ miles/yr
'1 .7825X / 1.7825 \
SFCn) BSFCnrJD/ \ BC/
(miles/yr)(BSFCD - BSFCBC)
1.7825
The Annual Fuel Cost Savings ($/yr) then becomes the product of
Fuel Savings (gal /yr) and Fuel Cost ($/gal) or,
(miles/yr)(BSFCD - BSFCBC) ($/gal)
1.7825 '•'
The Engine Capital Cost Difference is the sum of the Base Diesel
Engine Cost and the Bottoming Cycle Cost minus the Diesel Engine Cost
at the compound engine rating. This is expressed as follows:
Engine Capital Cost Difference ($) = DC + BC - (DC + BCD x $/hp)
- . = BC - (BCO)($ /hp ) .
The Payback Period is defined as the Engine Capital Cost Differ-
ence divided by the Annual Fuel Cost Savings of the compound engine
and is expressed as:
Pavback Period f v r ) - (BC - BCO x $/hp) (1. 7825)
Payback Period (yr) -
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